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Atomically thin black phosphorus (BP) field-effect transistors show strong-weak localization tran-
sition which is tunable through gate voltages. Hopping transports through charge impurity induced
localized states are measured at low-carrier density regime. Variable-range hopping model is applied
to simulate the charge carrier scattering behavior. In the high-carrier concentration regime, a nega-
tive magnetoresistance signals the weak localization effect. The extracted phase coherence length is
power-law temperature dependent (∼ T−0.48±0.03) and demonstrates electron-electron interactions
in few-layer BP. The competition between the Strong localization length and phase coherence length
is proposed and discussed based on the observed gate tunable strong-weak localization transition in
few-layer BP.
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Atomically thin two-dimensional (2D) materials, such
as graphene and transition metal dichalcogenides have
opened new avenues for exploring physical property
anomalies and potential applications in nanoelectronics
and optoelectronics [1–16]. Single- or few-layer black
phosphorus (BP) [14–19] is another promising 2D mate-
rial characterized by high mobility at room temperature,
a tunable direct band gap, and high in-plane anisotropy
properties for both the fundamental study of thermal,
optical, and optoelectronics properties and technological
applications [4, 20–22]. Recently, interesting Shubnikov
de Haas oscillations and quantum Hall effects have been
demonstrated in boron nitride (BN)-encapsulated few-
layer BP high-mobility field-effect transistors (FETs) at
cryogenic temperatures [23–28]. However, achieving ul-
trahigh mobility BP FETs at low carrier density remains
a challenge in the further study of a number of intrigu-
ing physics properties, such as many-body phenomena or
fraction quantum Hall effects.
We discuss here an experimental study of the charge
carrier scattering behaviors in few-layer BP at vari-
ous charge carrier densities, temperatures, and magnetic
fields. We found that at low-carrier concentration regime
(∼ 1011cm2), strong localization is on account of low-
carrier mobility of a few cm2V −1s−1 and the observed
localization effects can be fitted by the variable-range
hopping (VRH) model for low temperature region [29].
Meanwhile, at high-carrier concentration (∼ 1012cm2),
weak localization occurs and a high carrier mobility of
up to 103cm2V −1s−1 is achieved. We discuss the mecha-
nisms for gate-tunable strongweak localization transition
by extracting the phase coherence lengths and inelastic
scattering time in high-carrier concentrations [30].
Our few-layer BP FETs are fabricated using exfo-
liated BP flakes. The quality of BP flakes degrades
in atmospheric conditions due primarily to oxidation.
To avoid BP quality degradation, few-layer BP sam-
ples are encapsulated between two hexagonal BN (h-BN)
sheets to form h-BN/BP/h-BN encapsulation structures
[23, 24, 27, 28, 31]. The exfoliation and encapsulation
processes are performed in a glove box filled with ni-
trogen to protect the exfoliated BP flakes (more details
regarding the device-fabrication process are available in
the Method section).
Figure 1a shows the variation of BP channel conduc-
tance for different gate voltages at 1.8 K. The red ar-
row indicates the charge neutrality point (CNP) obtained
from the linear fitting of the charge carrier versus the
gate voltage (Fig. 1c). The charge carrier concentra-
tions shown in Fig. 1c are determined by Hall effect
measurement. The vertical dashed lines in Fig. 1a di-
vide the transport curve into three distinguishable re-
gions. In region I(adjacent to CNP), the carrier mobility
ranges within a few cm2V −1s−1. A high mobility of ap-
proximately 2000cm2V 1s1 is achieved in region III (high-
carrier concentration), indicating different charge carrier
scattering behaviors at different carrier concentrations in
our BP FETs. The transition between the two different
scattering behaviors occurs in region II.
To further explore the different charge carriers scatter-
ing behaviors, we measured the temperature T depen-
dences of channel conductance G for different gate volt-
ages as shown in Fig. 1b. For low-carrier concentrations
(Vg > −5V ), decreasing the temperature strongly influ-
ences channel conductance when the temperature sur-
passes 100 K. On the other hand, the impact of tempera-
ture on channel conductance is much smaller for temper-
atures lower than 40 K. These temperature-dependence
features of channel conductance indicate strong localiza-
tions induced by charge impurities for low-carrier concen-
2FIG. 1. Carrier concentrations and temperatures dependence of channel performances. (a) Four-terminal transfer
curve at T=1.8K. The red arrow indicates the charge neutral point (threshold gate voltage). The two vertical dashed lines
divide the transfer curve into three different regions. (b) Arrhenius plot of channel conductance. (c) Carrier density obtained
from Hall effect as a function of gate voltages. The inset shows an optical image of a typical device. Scale bar: 10µm
trations in our devices. For high-carrier concentrations
(Vg < −40V ), the channel conductance shows a weak
dependence on temperature, and the magnetic resistance
of our devices shows typically weak localization features.
To further confirm the claimed gate-tunable strongweak
localization transition in few-layer BP, the charge-carrier
scattering behaviors are simulated by VRH, and Hikami-
LarkinNagaoka (HLN) models at low- and high-carrier
concentrations.
STRONG LOCALIZATION AT LOW-CARRIER
CONCENTRATIONS (∼ 1011cm2)
Figure 2a shows the channel resistance plotted as a
function of T 1/3 at low-carrier concentrations at temper-
atures ranging from 1.8 K to 40 K. The linear dependence
of logR vs. T 1/3 perfectly fits the 2D VRH model:
R ∝ exp(
T0
T
)
1
2+1
where T0 is the characteristic temperature [32]. The gate
voltage dependence of T0 (Fig. 2b) agrees with the VRH
model and serves as the signature of hopping transport
via localized states [10, 33]. The localization length ξV RH
can be extracted from ξV RH =
√
13.8
kBρ(E)T0
, where T0 is
the characteristic temperature obtained from the VRH
model and ρ(E) is the density of state (DOS) at the Fermi
level [34]. The DOS of the two dimensional hole gas can
be expressed as ρ(E) = m
∗
pi~2 , where m
∗ = 0.26m0 is the
effective mass of holes. The calculated gate voltage de-
pendence of ξV RH is shown in Fig. 2b. ξV RH increases as
the gate voltage decreases (increasing the carrier concen-
tration), a pattern that is widely observed in two dimen-
sional electron systems [33, 35]. The increasing trend of
ξV RH can be explained by the two dimensional hydrogen
atom model. The high energy states are occupied when
the density of the localized charge carriers increases, re-
sulting in two dimensional hydrogen atoms with a large
radius (localization length). From another perspective,
the increasing localization length may also be explained
by the screening effect, as the localized charge carriers
screen the electronic field of the localization center and
thus contribute to a weak localization strength, i.e., large
localization length [10, 36].
FIG. 2. Variable-range hopping at low temperature.
(a) Channel resistances as functions of T−1/3 for different
gate voltages (carrier concentrations). The solid lines show
the fitting results of variable-range hopping model. (b) T0
and localization lengths obtained from the fitting results.
As temperature increases, the resistance deviates from
the 2D VRH model and fits to the Arrhenius behavior
R ∝ exp(T1T as shown in Fig. S1a (Supplementary mate-
rials), where T1 is the characteristic temperature which
reflects excitation energy. Normally, the linear depen-
dence of logR on T−1 signals the crossover from VRH to
nearest neighbor Hopping model. However in our device,
the excitation energy extracted from the fitting results is
quite small (Fig. S1b, Supplementary materials) which
is lower than the physical temperature. The scattering
process is rather dominated by the high-temperature in-
coherence diffusive transport than nearest neighbor hop-
ping [37].
3WEAK LOCALIZATION AT HIGH-CARRIER
CONCENTRATIONS (∼ 1012cm2)
As carrier concentration further increases, the depen-
dence of the channel resistance on temperature becomes
increasingly weak (Fig. 1b). The VRH model fails to de-
scribe the variation of the channel resistance after enter-
ing region II (Fig. 1a). To explore the transport behavior
of charge carriers in the high-carrier concentration regime
(∼ 1012cm2), we measured the magneto-conductance of
our samples under different gate voltages and tempera-
tures (Figs. 3a and b). The applied perpendicular mag-
netic field leads to a positive magneto-conductance (neg-
ative magneto-resistance), which is consistent with the
features of weak localization [38–40]. The weak local-
ization is a quantum correction to the conductance of
a diffusive system originating from the phase interfer-
ence of charge carrier wave functions. For a 2D electron
system with a zero Berry phase φ, the wave functions of
backscattered charge carriers would have constructive in-
terference, which increases of the probability of backscat-
tering. Thus, weak localization generally induces a neg-
ative quantum correction to the channel conductance.
The applied perpendicular magnetic field induces extra
changes to φ, which break the constructive interference
of backscattering and consequently lead to the positive
magneto-conductance. The weak localization is strongly
carrier-concentration dependent. In the present case, the
magneto-conductance increases with the increasing car-
rier concentration (Fig. 3a). When the temperature is
lower than 2 K, the weak localization is weakly tempera-
ture dependent. The magneto-conductance will decrease
with increasing temperature when T > 2K. To further
explore the carrier concentration and temperature depen-
dences of weak localization, we simulate the measured
magneto-conductance with the HLN model:
δσ = σ(B) − σ(B = 0) =
e2
pih
[Ψ(
1
2
+
Bφ
B
)− ln(
Bφ
B
)]
where σ is the device conductivity; h is the Planck con-
stant; and e is the elemental charge. Ψ refers to the
digamma function. Bφ =
~
4eL2
φ
is the phase coherence
magnetic field, and Lφ is the phase coherence length [41–
43]. The green solid lines in Figs. 3a and b represent
the carrier concentration and temperature fitting results,
respectively, of the HLN model. The HLN model repro-
duces the experimental features of magneto-conductance
between 0.4 and 0.4 T, especially the deep dips at zero
magnetic field.
Figure 4a displays the temperature dependence of Lφ
for various gate voltages. A maximum Lφ of 202nm is
obtained at T = 1.4K and Vg = −60V . For temperatures
lower than 2 K, Lφ exhibits weak dependence on temper-
ature. We fit Lφ with a powerlaw formula Lφ ∝ T
−β from
2.3 K to 40 K. A universal β = 0.48± 0.03 for different
FIG. 3. Weak localization at high carrier concentra-
tions. (a) and (b) Normalized conductivity δσ as functions
of magnetic fields for different gate voltages at T = 1.8K,
and for different temperatures with a fixed gate voltage of
Vg = −60V , respectively. The green solid lines show the fit-
ting results of Hikami-Larkin-Nagaoka (HLN) model.
gate voltages is obtained from the fitting results. Specifi-
cally, the temperature dependence of inelastic scattering
time τφ =
L2φ
D ∝ T
−α distinguishes different scattering
mechanisms, where α = 2β and D = σpi~
2
m∗e2 is the diffu-
sion constant. τφ is determined to be 5.3 ps at T=1.4
K and Vg = −60V . The linear dependence of τ
−
φ 1 on T
as shown in Fig. 4b demonstrates that α = 1, which is
consistent with the obtained β value. The inelastic elec-
tronic interactions with small momentum transfer can be
described by the Altshuler Aronov Khmelnitsky theory
τφ =
~
kBT
hσ/e2
ln(hσ/e2 , and the linear dependence of τ
−1
φ on
T can be expected from the theory considering channel
conductance as independent on temperature. The ob-
served deviation of β from 0.5 can be explained by the
temperature dependence of σ [41]. The gate voltage (or
carrier concentration) dependence of Lφ is depicted in
Fig. 4c, and Lφ decreases with decreasing carrier con-
centration. This decrease of Lφ can be ascribed to the
carrier-concentration dependence of σ.
The observed gate tunable strongweak localization
transition can be ascribed to the competition between Lφ
and ξV RH . At low-carrier concentrations, ξV RH < Lφ
leads to a suppression of the interference of electronic
wave functions, and strong localization dominates the
weak localization caused by electronelectron interactions
[37, 44, 45]. As carrier concentrations increase, ξV RH
increases and reaches ξV RH > Lφ at high-carrier con-
centrations. In this case, the electronic wave function
interference plays the leading role in the charge-carrier
scattering processes, and strong localization is suppressed
[37, 44, 45]. While, in region II (Fig. 1a), both strong
and weak localizations influence the transport properties
of the BP samples.
This study probed distinguishable charge-carrier trans-
port behaviors for varying carrier concentrations in few-
4FIG. 4. Phase coherence lengths Lφ and inelastic scattering time τφ obtained from Hikami-Larkin-Nagaoka
(HLN) model. (a) Lφ depends on temperatures at different gate voltages. (b) τ
−1
φ linearly depends on temperatures for
different gate voltages. (c) Lφ depend on gate voltages at varying temperatures.
layer BP. Strong and weak localization models are pro-
posed to simulate charge-carrier scattering behavior for
low- and high-carrier concentrations, respectively. The
strong localization is confirmed by the observation of
VRH at low temperatures. The weak localization model
is confirmed by the magneto-transport features. A com-
petition behavior between strong localization length and
phase coherence length is proposed to occur on account
of the gate-tunable strongweak localization transition.
Method
Few-layer BP and h-BN thin films are exfoliated from
the bulk crystals on heavily doped silicon substrates cov-
ered with 300 nm thick SiO2. Another h-BN flake is
simultaneously prepared on the poly(methyl methacry-
late) (PMMA) thin film. The h-BN flake on the PMMA
film is used to pick up the BP flakes, and the formed
h-BN/BP structure is then placed on the h-BN flakes on
a silicon substrate. The h-BN/BP/h-BN heterostructure
is then constructed. All these processes are performed
in an inert gas environment to minimize the degradation
of BP quality. This method avoids the direct contact
between the PMMA film and BP flakes. Annealing at
300◦C in Ar flow for 10 h is applied to further stabilize
the heterostructure.
Reaction-ion etching (RIE) (recite: 4 sccm O2 +40 sccm
CHF3; RF power: 200W) after the electron beam lithog-
raphy (EBL) is used to define the Hall structures. A
selective RIE etching is then applied to etch the top h-
BN at the contact areas defined by the second EBL. The
third EBL is then used to define the contact metal pat-
terns followed by the electron beam evaporation to de-
posit the contact metals (Cr/Au=5/60 nm).
Electrical measurements are performed with the lock-in
technique in a cryogenic system under low pressure.
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